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IN A 48-INCH RA"JET ENGINE 

By Herbert G. H u r r e l l  

The dynamics of a large (48-in.) ram-jet  engine were investigated 
for  supercr i t ical   operat ion at a Mach  number -of 2.75 over a range of 
simulated  a l t i tudes from 68,000 t o  82,000 f e e t .  The investigation 
showed that  the  response of static or t o t a l   p r e s e u r e   t o   f u e l  flow con- 
sisted of a dead t i m e  followed by a response form tha t ,   in   genera l ,  ap- 
proximated a l inear ,   f i r s t -order ,  lead-lag. Dead time  varied  signifi-  
cantly  only  with  distance from the combustion  zone. Only s l i g h t  dif- 
ferences i n  rise r a t i o  and  time  constant existed for the  various sta- 
t i ons   i n   t he  ram Jet. 

INTRODUCTION 

The advent of the  ram Jet  86 a p rac t i ca l  means  of supersonic  pro- 
pulsion  has  necessitated the development of su i t ab le   con t ro l s   fo r   t h i s  
type of engine. If any engine is t o  be  precisely  controlled,  of course, 
the dynamics of t h a t  engine must be known. For the rain jet ,  barever ,  
very l i t t l e  dynamics information  is .currently  available.   Studies  that  
cont r ibu te   to   the  supply of such  information  are  therefore  greatly 
needed. 

The  many s tudies  concerned  with  the dynamics of the  turbojet  engine 
do not   a id   g rea t ly   in  CLetermining the dynamics of the  ram-jet  engine. 
Ea t i re ly  new problems in   the  dynamics f ie ld   are   presented  by  the ram jet, 
as w e l l  as by other  systems whose thrus t   ou tputs .a re  not dependent on the  
motion of mechanical components.  With the  turbojet ,  it was possible   to  
neglect  the dynamics of aerodynamic and thermodynamic processes  because 
of t he   r e l a t ive ly  s l o w  dynamic behavior of the  moving components. Such 
processes, however, are   the  sole   contr ibutors  to the dynamics  of the ram 

c j e t .  . .  



NACA RM E56F28 
I 

Experimental  investigations have  been conducted a t   t h e  NACA Lewis - 
laboratory  to  study  the dynamic character is t ics  of the  ram-jet  engine. 
A 16-inch ram-jet  engine  de.signed f a r  a Mach  number of 1.89 was used i n  
one test; and i t s  dynamics were inves t iga ted   in  a supereonic wind tunnel 
over a range of Mach numbers, a l t i tudes ,  and angles of a t t a c k .  The 
results obtained m e  very  briefly  reported in.r&ference 1. I n  another 
testTwhich .was conducted i n  a f r ee - Je t   f ac i l i t y ,  a 48-inch ram- j e t  en- 
gine  designed for a. Mach number of 2.75- wak -used; the dynamic relations 
i n  this engine a r e  the  subject of  the  >resent  report .  (Some preliminary cu 
r e su l t s  from the  48-in.  engine are given i n  ref. 2.)  

5 

The dynamics of the 48-inch ram-Jet engine were investigated by 
both indicia1 and frequency-response  testing.  -The input variable wae 
the  engine f u e l  flciw. The p r e s s u r e  res$&e-.wf  -recarded a t  severa l -  
s ta t ions  in   the  engine duritig t r ans i en t s  tha t  covered large ranges of 
engine  operation in the supercr i t ical   region.  The investigation was 
made a t  a Mach  number of 2.75 and a t  zero angle .or..attack.  Altitudes 
from 68,000 t o  82,000 f e e t  were simulated. 
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Subscripts : 

1 t o  16. refer t o   p re s su res  or pressure  sensors  located as shown i n  
f i g s .   l ( c )  and 2(b) 

Engine 

Diffuser. - A phantom sketch  of the d i f fuser  of t he  48-inch  ram-jet 
engine i s  Shawn in  f igu re  I(a) . The d i f fuser  i n l e t  w a s ,  e ssen t ia l ly ,  
a 216O segment of a single-cone (22O half-angle)   Ferr i   type i n l e t .  The 
conical  shock wave fell jus t   ou ts ide  of the i n l e t   l i p  at the  Mach  number 
of the  invest igat ion (2.75). The internal-flow  passage of t he   d i f fuse r  
was convergent-divergent;  the area var ia t ion  i s  shown i n   f i g u r e  l (b ) .  
In order to   p revent  flpw seprat ion,   the   diffuser   included  vortex  gener-  
ators  placed  along the cowl  and  innerbody. The performance of the  dif-  
fuser  i s  repor ted   in   re fe rence  3. 

For th i s   inves t iga t ion ,  a screen was installed near  the diffuser 
ex i t   ac ross  one-half of t he  flow passage t o  i m p r o v e  the   veloci ty  dis- 
t r i bu t ion  a t  the diffuser exit. This screen  blocked 20 percent of t he  
half area. 

The locat ion of instrumentat ion  in   the  diffuser  i s  shown i n   f i g u r e  
l ( c ) .  Twelve w a l l  t aps   for   the  measurement of s t a t i c  pressures during 
t rans ien ts  w e r e  d i s t r ibu ted   l ong i tud ina l ly   i n   t he   d i f fuse r .  Taps 1 t o  
11 were located on the  top of the  innerbody, 2 inches  off-centery  while 
tap  12 w a s  located at 4 : O  o'clock  looking downstream. Two probes were 
used t o  measure to t a l   p re s su re  during transients.   Probe L4 w a s  i n  the 
p lane   o f   the   in le t   l ip  at 12:OO o'clock.  Probe E w a s  a t  2:OO o'clock 
near  the  diffuser exit. A t  each  s ta t ion where a pressure w a s  measured 
during  t ransients ,   the   s teady-state  measurement of th i s   p ressure  w a s  
made with a t a p  or probe in the   c lose   v ic in i ty  of the   t rans ien t   sensor .  
The average  value of d i f fuse r - ex i t   t o t a l  pressure over the cross   sect ion 
was determined  from  the  pressures measured with t h e  six rakes at s t a t l o n  
196.5. 

Combustor. - The ram-jet combustion chamber cons is ted  of a 48-inch- 
diameter sec t ion  6 feet long connected t o  the 32-inch-diameter  diffuser 

out le t   by a 30° (included-angle)  divergent  section. The f u e l   i n j e c t i o n  
system  and a port ion of the  flamehaldess were contained  in   this   diver-  

and a diagramtic sketch is  shown i n   f i g u r e  2(b) .  

1 
2 

c gent  section. A cutaway  view o f  the  combustor i s  s h m  i n   f i g u r e   2 ( a ) ,  

4 
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Fuel was sprayed  normal' to the a i r  stremu through o r i f i c e s   i n  112- 
inch-d,iameter r a d i a l  bars. The combustor  contai-ned three-sets of epray 
bars; a set   consis ted of 16 bars  equally  spaced  circumferentially and 
supplied  from a comon  ext-ernalmanifold. Figure 2 shows the  three bars 
present at- a typical  circumferential .   posit ion; hawever, only the two 
upstream sets of spray bars were used i n  this invest igat ion.  

. .. . . -  . .. " - 

I 

. .  "" 

The fuel .used wa8 MIL-F-5624B; grade JP-5, with a lower  heating 
.. 

value of 18,625 Btu per  p&nd. . .  . -  
. . .. - . . .  

8- Information on combustor  performance and further details of com- CD 

bustor  design are contained tn reference 4 .  
Lu 

Exhaust nozzle. - The convergent-Wergent  exhaust  nozzle is also 
shown i n   f i g u r e  2(b) .  The throat   area of th~= nozzle w a a  54.6 percent- 
of t he  maximum area of the c6mbustion chadnber. 

The nozz le   in le t  was instrumented as shown i n  fLgure 2(b).  Tran- 
s i en t  measurements w e r e  made wlth  total-pressure  probe 16 and wall ." 

stat ic  t ap  13. The rakes were used t o  determine the average value of 
total   pressure  overkhe  cross '   sect ion in steady state. 

. " 

. 
F a c i l i t y  

c 

The invest igat ion was conducted i n  a free-jet f a c i l i t y .  The  deeign 
and  performance of this f a c i l i t y  are bificussed in reference 5. Figures 
3(a) and (b) show a schematic  diagram  and a cutaway  view, respectively,  
of the .   fac i l i ty   wi th .  the ram-jet engine installed. The i n l e t  of the 
supersonic  nozzle w a s  eupplieQ with dried and heated compressed air. 
About 52 percent of the  free J e t  from the supersonic  nozzle entered the 
engine  inlet;  the  remainder  passed through the  j e t  diffuser. The c m -  
bined  flow from the  ram jet  and- the  jet di f fuser  WBB ducted to exhauet- 
ing  machinery. 

Fuel System 
. .  . .  

. " 

As mentioned  previously, two sets- f u e l  spray bars were used i n  
the  invest igat ion.  The fuel flow t o  the damstream set xa8 controlled 
manually and w a s  not varied during t rans ien ts .  The f u e l  flow t o  the 
upstream set- controlled by a specially  designed fuel system and w a s  
used  tmimpose  transient  operation on the engine. 

The block diagraizr of th i s .   fue l   sys tem is shown i n  figure 4.  The 
system  consist- of a thro t t le   wi th  a pressure-drop  control and a closed- 
loop servo system fo r  pos i t ion ing   the   th ro t t le .  The throt t le-pressure-  
drop control  maintained a constant pressure differential across the 

1 

c 
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4 t h r o t t l e  by means of a fast-acting  prsssure-reducing  valve.  The fLov 
th rough  the   th ro t t le ,   therefore ,   vdr ied   l inear ly   wi th   th ro t t le   pos i t ion  
( t h r o t t l e  area was p ropor t iona l   to   po$i t ion) .  The electrohydraulic ' 

servo  system  provided a Itnear r e l a t i o n  between t h r o t t l e   p o s i t i o n  and 
the  lnput  voltage V i .  Fuel.-flow,  therefore, was a linear function of 
the  input  voltage.   Further detaila on the  design of f lrel systems of 
th i s   type  are given-in  reference 6.  

cu 

d 

The dynamic performance of t h e   f u e l  system, as i n s t a l l e d   f o r  the 
invest igat ion,  is shown i n  f i gu re  5. I n   t h i s   f i g u r e  is  shown the  fre- 
quency response of f u e l - t h r o t t l e   p o s l t i o n   t o  servo input  voltage, fuel 
?low (at the   spray   or i f ices )  t o  servo  input  voltage,   and  fuel  f low  to 
fue l - th ro t t l e   pos i t i on .  The data involving f u e l  flow  include  the dynamic 
e f f e c t s  of the  manifold on the  engine.and a l l  the  necessary  piping lead- . i  

ing to   the  manifold.  (The f u e l  system shown i n   f i g .  4 w a s  mounted out- 
s ide   t he  free- jet f a c i l i t y . )  The performance of the  system makes it 
su i t ab le  for the   inves t iga t ion  of ram-jet dynamics. 

Instrumentation 

Gas-pressure  sensors. - Pressure  pickups, of the  variable-inductance 
type  having  high  natural  frequencies w e r e  used t o  measure  gas  pressures 
i n  t rans ien t .  The pickups w e r e  very small and of diaphragm construction. 
They were ins ta l led   in   water -cooled   jacke ts   to   main ta in   opera t ion  at the 
high  temperatures  involved.  Connecting  tubing  lengths  were  kept t o  a 
minimum t o  ensue fast  response; a l l  pickups,had  tubing  lengths of 9 
inches,  except  pickups 15 and 16, which had  lengths of 9.5 and 23.75 
inches ,   respec t ive ly .   In   o rder   to   g ive   sa t i s fac tory  damping, tubing 
with  an  inside  diameter of 0.040 inch w a s  used. 

The response  character is t ics  of the  pickups  without  tubing  and w i t n  
two d i f fe ren t   l engths  of tubing were obtained fran bench tests and are 
presented   in  figure 6. The f igu re  shows that   tubing  length  affected 
the  response  mainly in   the   f requency  range over 100 cycles  per  second. 
With 9 inches of tubing,  the  response w a s  nearly flat at frequencies up 
t o  100 cycles  per  second. 

For  steady-state measurements, pressures were indicated on manometers 
and  recorded  sfmultaneously by photography. 

: Fuel flow. - An in.dication of the   fue l   f l ow from each set of spray 
bars during  t ransients  w a s  obtained by measuring  the  pressure drop across 
the   o r i f i ce s   i n   t he   sp ray  bars. A resistance, s t ra in-gage ,   d i f fe ren t ia l -  
pr6ssure  pickup was connected t o   t h e   l i n e  between a spray  bar and i ts  
marlifold  and was referenced  to   the  gas   pressure i n  t he  combustion chamber 

s ide  of the  pickups  (with  the  tubing  involved)  to  be essentially f la t  t o  
150 cycles  per  second  with no measurable  phase s h i f t .  

- 
w near the  spray  bars.  Bench tests shared  the  response of the  fuel-pressure 
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Steady-state measurements of f u e l  flow were..&de -th manometers 
wh ixhnd ica t ed  the pressure drop  across  -an  .orifice  in the f u e l  supply 
l i n e  t o   t h e   f a c i l i t y .  

Fuel- throt t le   posi t ion.  - Fuel- throt t le   posi t ion w a s  .Beused by a 
l inear ly   var iable  d i f f e r e n t i a ~ r a n s f o r m e r d i r e c t ~  attached t o  the 
th ro t t l e .  The signal was amplified, demodulated,  and fi l tered giving 
a direct-current   s ignal   propart ional   to  the thro t t le   pos i t ion .  

Amplifiers and recorders. - Carrier-tme amplifiers were used for 
the pressure  signals.  The Voltage  indicative of fue l - thro t t le   pos i t ion  
and the fuel servo  input  volt-bge were  amplified by Mrect-current am- 
p l i f i e r s .  The carr ier   amplif iers  are shown in racks 1 and..3 of f igure  
7 and the d i rec t -cur ren t   ampuf ie rs   in  rack 5. 

The t rans ien t  messurements were recarded on serreitized paper with 
oscillographs us ing  galvanometers with natural   frequencies of 210 t o  
500 cycles  per  second,  depending on the amount of f i l t e r ing   des i red .  
For monitoring  purposes,  certain  variables were a l so  recorded with a 
direct-inking  strip-chart  recorder. 

The galvanometric  oscillographs are. shown in  racks 2 and 4 of f ig-  
ure 7 and the direct-inking  recorder fn rack 7. 

PROCEDURF: 

The investigation m s  conducted at a Mach  number of 2.75, zero 
angle of attack, and over a range of simulated  alt i tudes .fr.w 68,000 t o  
82,000 feet. The t o t a l  temperature of-the inlet flow t o  the ram jet waa 
maintained  close t o  528' F, the  temperature  value  corresponding t o   f l i g h t  
above the  tropopause at this Mach number. 

The desired flow conditions i n  the free jet could  not  be  maintained 
when the r a ~  jet was operat.ed  subcritically. The tes ta ,   therefore ,  
were limited t o  the supercrit ical   operating  region of the engine. The 
steady-state map of th i s  region is  present& i n  f igure 8, where diffueer 
total-pressure  recovery is s h m  as a function of fue l - a i r   r a t lo .  Only 
a limited amount of data w a s  obtained  cloae t o  t h e   c r i t i c a l  point (ap- 
proximately 0.63 recovery)  because of the delay  involved in  reestablish: 
in@; the free-jet flow after a flow breakdowi- A substant ia l  portion of 
the map s h m  was covered i n   t h e   i n d i c i a 1  and  frequency-response t e a t s  
of t he  engine dynamics. 

Indicia1  response was Investigated by the addition af a step func- 
t i on  . t o  the input voltage of the f u e l  s e r v o , ~ ~ _ ~ e . . . r e s u l t l ~  disturbance 
i n  f u e l  f l o w  &pprodiiated a -  step; t h e . r i s e  time w a s  about 0.010 second 
i n  most cases. This was considered an adequate step for the  purposes 
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of this   invest igat ion  and wiU be referred t o  88 a s t e p   i n   f u e l  flow. 
Both s tep  increases  and decreases i n  fue l   f low were made from severa l  
i n i t i a l  leve ls .  These initial leve ls  i n  f u e l  flow were chosen t o  cover 
the range of engine  operation  given  in  f igure 8. Steps of various mag- 
nitudes  from  fixed  leveis-were  also made. The magnitudes of the   s teps  
were varied  from 10 t o  38 percent of t h e   f u e l  flow r e q u i r e d   f o r   c r i t i c a l  
operation of the ram jet .  Steady-state data w e r e  taken  to  determine 
t h e   i n i t i a l  and f inal   condi t ions  of   each  t ransient .  

Frequency  response was invest igated by imposing a, s inusoidal   var ia-  
t i o n  on the  input   vol tage of the fuel servo. The form of the   r e su l t an t  
v a r i a t i o n   i n  f u e l  flaw w a ~  essentially  sinusoidal  over  the  frequency 
range of i n t e r e s t .  The  mean value  and  the  amplitude of each  fuel-flqw 
sinusoid were held constant  while  recordings w e r e  made for severa l  d i s -  
crete  frequencies.  A t  the  higher  frequencies, it w a s  necesaary t o  i n -  
crease the  amplitude of the   vo l tage   s ine  wave i n  order to  maintain a 
constant  fuel-flow  amplitude (see f i g .  5). The frequency  range w a s  also 
swept while  continuous  recordings were made i n  order to   discover  any 
phenomena tha t  might  be i s o l a t e d   i n  a narrow  -frequency  band.  Steady- 
state data corresponding t o   t h e  peak8 and mean value of each  sine wave 
w e r e  recorded. The engine w a s  subjected t o  s inusoida l   var ia t ions   in  
fue l   f low of various  ampxtudes  and mean values selected  to   cover  a 
large  port ion of the  supercritical  operating  region.  Frequency-response 
data  are  presented  for  frequencies up t o  50 cycles per second. 

RESULTS AND DISCUSSION 

General  Characterist ics of Response 

An orderly  approach t o  the determination of engine dynamics is  f irst  
to   i nves t iga t e   t r ans i en t s   su f f i c i en t ly  small to  involve  only dynamic re- 
l a t ions  that are e s sen t i a l ly   l i nea r  and then t o  invest igate   the  nonl inear  
e f f ec t s   t ha t  may ar ise   during  Larger   t ransients .  I n  this invest igat ion,  
however, it w a s  necessary  to use rather   large  fuel-f law  t ransients  i n  
order   to   provide  t ransients   in   the  engine  pressures   that  w e r e  discernible 
over the noise   levels   present .  The resu l t s ,   therefore ,   a re   no t   en t i re ly  
f r e e  of the  nonlinear effects of the  unsteady-flow  processes  involved. 
I n   s p i t e  of this, the  responses  obtained  generally  approximated a l i n e a r  

’ form  within a reasonable  degree of accuracy. In  general ,   the  response 
of p re s su re   t o  f u e l  flow consisted of a dead time followed by a first- 
order lead-lag.  This manner of response i s  also noted i n  the  invest iga-  
t ion  reported i n  reference 1. 
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I n  the  present  investigazion,  departures fram the l inear  lead-lag 
pat tern were observed i n  par t icu lar  cases. These departures, however, 
occurred when the  transient  included  operating  regions where nonlinear- 
i t i e e   e x i s t e d   i n  t h e  s t a t i c   r e l a t i o n  of par t icu lar   p ressures   to  fuel 
flow. Such nonl inear i t ies  were caused by the proximity of the shock 
wave or by t ransverse   d i s tor t ions   in  t he  flaw. 

A detailed presentation of the results  obtained from the indicial-  
and  frequency-response  testing w i l l  be given in   fol lowing  sect ions.  
I n  t h e  remainder of this section,  typical  responses will be discussed 
in   order   to   introduce the various phenomena involved  In the later 
discussions. 

. 

Transient  recorda of a typical  response  to a s tep  increase i n  f u e l  
flow are shown in figure 9. Two records  are sham because the  large 
number.of pressures necessitated  the w e  af two recorders. The trace 
at the top of each record   l e  a synchronizing trace,  which permits the 
time scales  of the two records t o  be correlated.  I n  addition,  correla- 
t i on  i s  possible by  means of the step i n  f u e l  servo  input  voltage Vi 
which appears. in   bo th  re.cor*... The..traw&e,n$.  presented i n  the figure 
resu l ted  from a fuel-flow  step-.of  about 32 percen€ of t h e   c r i t i c a l  fuel 
flaw at the simulated a l t i t u d e  of 82,000 feet. The approximate movement c 

of the diffuser normal  shock during the t ransient  was from s t a t ion  135 
(p9) t o  s ta t im 45 (p4). 

The dead time i n  the pressure  response is apparent  in figure 9. 
This dead t i m e  i s  the time in t e rva l  fram a fuel-flow change (ApI trace) 
to  the  beginning of a pressure response. A dead time of 0.021 second, 
for example, can be read fiam the trace of p13. The dead time con- 
sisted of two delays: the ffrst  was the  time expired between a n  Increase 
i n   f u e l  flaw at the   in jec t ion   s ta t ion  and the increase  in   heat  release 
at the  ccmbustion zone; and the  second wae the time required  for   the 
resultant  pressure  disturbance t o  propagate frm the combustion zone t o  
t h e  pressure sensor. If the.dead times i n  figure 9 for diffuser  static 
pressures are read i n  succession from the e x i t  (pL2 t o  p5), it  w i l l  
be seen t h a t  they become progressively  larger,  marking the upstream 
propagation of the pressure  disturbance. 

The disturbance, of coukse,  propagated  against  the  relatively low 
velocLties of subsonic  flow t o  t h e   i n i t i a l  poeition of the shock (pg). 
Further  propagation.upstream (p9 t o  p4) had t o  be accomplished by 

shock movement ags ins t   supersonic   a i rve loc i t ies  and,  consequently, wa8 
a t  a slower rate. .Dead times at the   s ta t ions  passed by the shock were 
not,  therefore,  representative of the dead tfmes a t  these s ta t ions  when 
the shock was i n i t i a l l y  upstream of them. I n  order t o  dis t inguish  the 
dead times according t o   t h e  manner of propagation  involved,  the term 
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dead t i m e  w i l l b e  used herein  only when the  pressure was sensed dam- 
stream of t h e   i n i t i a l  shock  posit ion. .  The dead time of pressures up- 
stream of the i n i t i a l  shock posi t ion will be  called  "shock-passage 
t i m e . "  A s  an  example, a shock-passage t i m e  of 0.078 second i s  noted i n  
f igure  9 f o r  p7. The shock-passage  time of a given  s ta t ion  consis ts  
of the dead t i m e  at the init ial  shock posi t ion plus the t h e  required 
fo r   t he  shock t o   t r a v e l  to the  given  station. 

The controlled pressure i n  a ram-jet control  system, of course, 
w i l l  not be sensed  upstream of the  steady-state shock position,  except 
i n   t he   spec ia l   ca se  of l imiting  controls.  Shock-passage  time, therefore,  
need  not  be  considered in   the   s tudy  of s t a b i l i t y  and response t o  small 
disturbances; however, it may be an  important  part of the  control  prob- 
l e m  when large  disturbances are involved. Knowledge of shock-passage 
times i s  useful   a lso  in   deterruining haw f a s t  a control must  respond i f  
it is necessary t o  keep the  shock  within  the diffuser, tha t  i a ,  to avoid 
subcri t ical   operat ion of the  engine. 

Also illustrated i n  figure 9 is  the  lead-lag form, charac te r i s t ic ,  
in   general ,  af the  pressure  response. This manner of response, i n  which 
the  pressure  responds  directly  proportional  to fuel flow at f irst  and 
then  approaches i t s  f ina l   va lue   in   exponent ia l  manner, is most apparent 
i n   t he   t r aces  of pl0 and pll. The lead-lag is a l so   p re sen t   i n   t he  
t races  of pu, p13, and P16 but is  s&e&at  obscured  by  the  noise 
level.  For Pig; the exact  nature of response i s  completely  hidden i n  
th i s   record  by the  noise.  Pressure  response  upstream of plo w a s  de- 

pendent on the  configuration  and  speed of the  shock as it passed a par- 
t i cu l a r   s t a t ion .  

Transient  records of a typical   response  to  a step  decrease i n  f u e l  
flow a re  shown i n   f i g u r e  10. This waa the   re turn   t rans ien t  of t h a t  
shown in  the  preceding  f igure,   that  IS, t he   s t ep   dec rease   i n   fue l  flow 
(32 percent of t he   c r i t i ca l   va lue )  was made from the  steady-state con- 
dit ions  that   followed the t rans ien t  of f igure  9. Because t h e   i n i t i a l  
shock posi t ion  for   the  t ransient  of f igure  10 w a s  near   s ta t ion 45 (p4), 
the  normal  dead  times of pressures as far upstream as p5 can be read 
from this figure.  The dead time of p7 (o-oal sec) is  noted i n  the 
figur-e for  comparison with  the shock-passage  time (0.078 sec) shown i n  
the  previous figure for   th i s   p ressure .  Downstream of the  region of 
shock t rave l ,   the  dead  times i n  the two f igures  are about  the same far  
a given  pressure.  For static pressures plo to p13, which were down- 
stream of the shock travel,  the  response after dead  time  appears t o  
approximate the  lead-lag form. The general  response form of pressures 
fur ther  upstream is not  apparent i n  t h i s   f i g u r e  because  the  passing of 
the shock in t e r f e red  with the pressure  responses. 



10 NACA RM E56F28 

As stated pred-ously,  the  .remaining se.ct_lons..gf report   contain 
a more detaihd presentation ,of the  response  z-acteriqtics already 
introduced. D a t a  from the  indicial-response tests are used in   p resent ing  
information on dead time and'shock-passage. time;. The. r e s u l t s  of the 
frequency-response tests are. used t o   e s t a b l i s h  .&be.. form ..of response and 
the  transfer  functions.  . .  

D e a d  Time 

The data given i n   t h i s   s e c t i o n  axe f o r  static pressures  only  since 
the t races  of to ta l   p ressures  were too noisy t o  read accura te ly   in  the 
indicial-response  records.  FreqUenCy-reSp~nsea8ta, hoVeVer, showed 
the dead  time of ta ta l  pressure ta be about. equal t o  the  dead t i m e  of 
s ta t ic   p ressure  at a given  station. These frequency-response data all. 
be  presented  in  the  section "Response  of to ta l   p ressures  . 'I  

Variation  with ram-jet s t a t ion .  - The var ia t ion  of dead tlme with 
ram-jet   s ta t ion is shown i n   f i g u r e  11. This.-fi&re.  shows the  dead times 

- 

resu l t ing  from a step  decrease i n  f u e l  flow equa l   t o  Lo percent of t h e  
c r i t i c a l f u e l  flow a t  the  s imulated  a l t i tude of 82,000 f e e t .  The etep 
was taken from a high  diffuser.  total-pressure  recovery (0.616) in order - 
t o   ob ta in   da t a   fo r   s t a t ions  as far upstream as possible.  Although t h l s  
recovery was about 98 percent of cr i t ical  recovery, the  shock posi t ion 
was coneiderably downstream of the  diffuser   inlet   because of t he   i n t e rna l  
contraction and slm i n i t i a l  divergence of the flaw passage. No dead- 
time data,  therefore,  could be obtained-  f-or.  pressuies p i  t o  p4. (As 

discussed-previously,   the  subcrit ical  regPon  had t o  be avoided  because 
of the f a c i l i t y   l i m i t a t i o n .  ) 

-. - 

A s  shown i n  f i g m e  11, dead time varies  Prom 0.019 second f o r  the 
exhaust-nozzle  inlet  (p13) t o  0.052 second f o r   t h e   f a r t h e s t  upstream 
measurement (pg) . Considering &ly the  v&lation ~ t h l n -  the diffuser 
(diffuser  pressures are most su i ted  f o r c o n t r o l  purposes), t he  dead time 
of p5 is more than twice the  dead time near the d . i f fuser .ex i t  (p12). 
T h i s  appreciable increase. i n  dead time with distance from the  combustion 
zone is  a s i g n u i c a n t   f a c t o r   t o  consLder when selecting  the  sensor  loca- 
t ion   for  a cont ro l  %hat w i l l  manipulate fuel flaw. A sensor  located  near 
the diffuser  exit"wo-id  allow faster response for a hFgh-recovery control  
than would a sensor  located near the  steady-state shock pos i t ion ,   tha t  
is ,  i f  the  other  factors  affecting  response are  equal. 

Effect of diffuser  recovery and s tep   d i rec t ion .  - The effect of 
diffuser  total-pressure  recovery and the d i rec t ion  of the fuel-flow s t e p  

" 

on dead t i m e  i s  presented in f igure  12. I n - t h i s   f i g u r e   t h e  dead times 
f o r  several pressures  are shown as functions of d i f f u s e r  recovery  for 
both  s tep  increases  and decreases i n  f u e l  flow. The magnitude of the 

4 
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steps was again 10 percent of the c r i t i c a l   f u e l  "flow, and the  simulated 
a l t i t u d e  was s t i l l  82,000 feet. . Data are shown only  for  pressures pg 
t o  p13 because the other static pressures w e r e  not downstream of the 
shock for a s w f i c i e n t  range of recoveries. 

Figure 12 shows tha t   the  dead t i m e s  w e r e  not  dependent on whether 
the  step was  an  increase  or a decrease i n   f u e l  flow. 

Pressures re la t ive ly   near  the combustion zone  (p t o  p,) have I1 
no apparent  variation i n  dead time with d i f f u s e r  total-pressure  recovery 
(f ig .  12)  . For pressures  farther  upstream (pg and pia), however, a 
slight decrease i n  dead time with  increasing  pressure  recovery is  notice- 
able .  This decrease  resulted  because  the air velocities  opposing  the 
upstream  propagation of the  pressure  disturbance w e r e  reduced  by  an  in- 
crease  in  pressure  recovery. The time required  for  the propagation of 
the  pressure  disturbance was, of course, a more s igni f icant   por t ion  of 
t he  dead t i m e  for theupstream  pressures  than  for the downstream 
pressures. . .  . .  .. .. 

Effect of s t ep  magnitude. - N o  var ia t ion  in dead t i m e  with  the 
magnitude of the fuel-flow s teps  waa observed.  Steps were invest igated 
that ranged i n  magnitude f r o m  10 to 38 percent of the c r i t i c a l   f u e l  f l o w  
at the  simulated altitude of 82,000 feet. The data for   s tep  decreases  
in   fue l   f l ow over t h i s  range of'magnitudes are shown i n  f igu re  =(a) f o r  
a pressure w e l l  forward i n  the   d l f fuser  p5 and  for  a pressure near 
the  d i f f u s e r  exi t  p12. These data were taken at- a h igh   i n i t i a l   va lue  
of diffuser  recovery (0.615). With s tep  increases  i n  f u e l  flow, i t  w a s  
necessary that the   in i t ia l   recovery   be  low (0.531) i n  order   to   avoid 
e n t e r i n g  the   subcr i t ica l   reg ion  in the   t ransients ;  hence, t h e   i n i t i a l  
shock posi t ion w a s  w e l l  downstream  and data were not   obtained  for   pres- '  
s u e s  very far  forward i n  the diffuser .   Figure U(b) shows'the data 
obtained  for p12 from the step  increases  i n  f u e l  flow. 

Effect of altltude. - Figure 14 shows t h a t  dead time does not vary 
with  alt i tude  over  the range that was simulated (68,000 to 82,000 ft). 
The dead times shown in   the   fFgure  are fo r   s t ep   i nc reases   i n   fue l  flow 
taken  from initial recoveries of 0.592. T h e  magnitudes of the   s teps  
were such  that  a change i n   f u e l - a i r  ratio of 0.006 w a s  made a t  each 
a l t i t u d e .  

Shock-Passage Time 

Because it w a s  not  expedient to   expe l   the  shock  during the Inves t i -  
gation,  the  information  obtained on shock-passage time w a s  ra ther  
limited. Some il?rormation, however, is given by the data s h a m   i n  f ig- 
ure U . - . T h i s   f i g u r e  shows the var ia t ion  of shock-passage time with 
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ram-jet s t a t ion   fo r  step inc reases   i n   fue l  flow of various  magnitudes. 
The in i t ia l   d i f fuser   to ta l -pressure   recover ies  and,  hence, i n i t i a l  shock 
posit ions were the  same f o r  a l l  the  stepe.  ThR steps were taken at a 
simulated altitude of 82,000 feet. 

c 

In order   to  illustrate the large  difference between  shock-passage 
t i m e  and the  normal dead time, the dead-time curve from figure ll is 
a l so  s h m  i n   f i g u r e  E. A comparison of the slopes of the curves shows 
that the shock t rave l led  at rates which were much slower  than  those  for 
a disturbance  propagating  through. the 8we.port ion of the diffuser  a g a i n s t  IP 0 
subsonic flow. rD 

hl 

The shock-passage times shown i n  figure 15 decrease at a given .. 

s t a t ion  as the magnitude of the f u e l  flow s tep  is  incre.ased. The aver- 
age speed at which the shock moved upstream frG.>ts Fn_i$ial  position 
became faster,   %&refore,  as the  disturbances were made larger .  

Response Form and Transfer  Functions 

The form of response and the transfer  functions,  as stated previous- 
ly, were  determined from the frequency-responae data. These data are - 
presented  for a simulated a l t i tude of 68,000 feet only; huwever, the 
response did not change s igni f icant ly  d t h  .altitude.  over. the range 
simulated during the investigation (68,000 t o  82,006) f t ) .  

S t a t i c   cha rac t e r i s t i c s .  - Three s inusoida l   var ia t ions   in   fue l  flow 
were used t o  obtain  the  frequency-response data presented. The steady- 
state operating  regions  corresponding  to  these  sinusoids are indicated 
in   f igure   16(a) ,  which shows the f u e l - f l d  range of each  sinusoid i n  
r e l a t i o n   t o  the steady-state var ia t ion of d i f f u s e r  total-pressure re- 
covery  with f u e l  flow. It is apparent from t h i s  f igure  that a wide 
range of engine  aperation was covered in  the  frequency-response tests. 
The f igure  also shows that sinusoids A and B, considered  together, pro- 
vide a change i n  amplitude a t  conetant  baae  point, w h i l e  sinusoide B 
and C provide a change i n  base point at constant amplit-de. 

The steady-atate  relations of the individual  pressures  to fuel fiar 
are presented i n  f igures  16(b) (s ta t ic   pressures)   and ( c )  ( to ta l   p res -  
sures). (Data are not shown for ~ 1 3 ,  because  the  instal la t ion of th ie  
pickup proved unsuitable  for  frequency-response  testing.)  For convend 
ience,   the   fuel  flows covered by each  sinusoid are indicated again on 
these figures. The f igures  show that 6 m e  af the   pressures  were r e a ~ m -  
ably   l inear  i n  t h e i r   s t a t i c   r e l a t i o n  t o  f u e l  flow, while  other6 were very 
nonlinear. 



The shock wave was responsible  for the pr inc ipa l .   nonl inear i t ies   in  
the   s ta t ic   p ressures .  . -For t h e  lowest  value of fue l .   f low  for  which the  
data o f - f i g u r e  16(b) ar.e sh-n, the  shock was just ;upstream of t he  sta- 
t i o n  where p9 w a s  measured. As t h e   f u e l  flow was increased  over  the 

range  used t o  acquire the data, the  shock moved past t he   s t a t ions  of 
p8, p7, p6,  and p5, result ing  in  the  very  nonline&  behavior of these 
pressures. The s ta t ic   p ressures  at etations:not passed by ' the  shock 
(pg, plOJ pU,  and p12) v a r i e d   i n  a reasongrbly line- manner. (The 
proximity of the- shock t o  the s t a t ion  of pg did: affect .  this pressure 

somewhat f o r   t h e  lower values of f u e l  flow, but   for .   the   l a rger   por t ion  
of t he  range the  behavior of pg was reasonably  linear.) 

The curve for t o t a l  pressure P,'(fig.  16(c)) shows the steady- 
state var ia t ion of t h i s  pressure wa8 also  quite  nonlinear.  This w a s  a 
r e s u l t  of the  changes that occurred i n  the transverse flow dis tor t ions  
of the  diffuser when the   fue l   f low w a s  varied. These changes w e r e  evf- 
dent on examining the  total-pressure  surveys  takenwith the s i x  rakes 
at th i s   s t a t ion .  (It i s  in te res t ing  t o  compare the  curve  for PE with 
t h e   r e l a t i v e l y   l i n e a r  curve of f ig .   16(a) ,  which indicates  the  behavior 
of the  cross-sectional  average  pressure with f u e l  flaw.) 

Response of s t a t i c  pressures. - On the  basis of the steady-state 
re l a t ions   g iven   i n   f i gu re  lfj(b), non l inea r i t i e s   a t t r i bu tab le   t o  the 
shock w e r e  t o  be expected  in-some of the  static-pressure  responses.  
Where such nonlinear i t fes  w e r e  not involved, however, the responses of 
the s t a t i c   p r e s s u r e s   a p p r o x d t e d  a l i n e a r  form. 

Several of the s ta t ic   p ressures  (pg, pl0, puy  and  p=] were down- 
stream of the  region of shock travel  .during a11 three of the sinusoids. 
The frequency  response of these  pressures   to   fuel  flow is presented  in  
f igure  17, where amplitude r a t i o  and phase lag are shown as functions of 
frequency  for  each of the pressures. The amplitude  ratios are given i n  
normalized  fora;  that is, they have  been divided by the amplitude  ratios 
at frequencies   suff ic ient ly  low to   r ep resen t  steady state. C u r v e s  
representing  the  amplitude r a t io  and  phase lag of a l inear ,   f i r s t -order ,  
lead-lag function ( w i t h  dead time) have been f i t ted t o   t h e  data f o r  each 
pressure. The Laplacian  transfer  functions  associated with the curves 
are a lso   g iven   in   the  figure. (Numerical values   for   the  s teady-state  
gain terms, which are shown symbolically i n  the transfer  functions,  can 
be  determined frm the curves of fig. 16(b) .) 

Figure 17  shows that, for each press'ure  of this  group, the responses 
t o  a l l  three  sinusoids  can be represented  by  the same transfer function 
with a reasonable  degree of accuracy. Minor var ia t ions w i t h  amplitude 
or  base  point, though, are apparent f o r  a given pressure.  (For example, 
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the- data for  pg from sinusoids A and B show a.small-amplitude effect.] 
Such var ia t ions,  however, show  no regular  trends from m e  s t a t i o n   t o  
another and are small i n  comparison wlth the predominant response form. 

An inspection of the transfer functions in f igure  1 7  w i l l  show t h a t  
the  variati-ons -in rise r a t i o  and time constant Between the  various pres- 
sures are small. Rise r a t i o s  vary fram.0.47 t o  0.56, and time constant8 
vary  from 0.080 t o  0.091 second. 

L 

5. 
0 
(0 
[u The terms f o r  dead.time that were required i n  the  t ransfer   funct ions 

i n   o r d e r - t o  match the  phase-lag  curves  wTth~th%"d&t& agree very w e l l  
with t h e  values of dead t i m e  obtained from the  indicial-response t e a t s .  
This  agreement  can be seen by camparing the exponential  terms i n  the 
tranefer  fwnctions of f i gu re  17 with  the  values of dead t i m e  shown I n  
f igu re  12. For examsle, S a d  times of 0.020 and 0.021 second are in-  
dicated for ppL2 i n  figures 17. and 12,. respectiiiefi. 

. - .  . . . . . -. - 

For t h e   r e m a i m s t a t i c  pressures (p5, p6,  p7,  and p8), nonlin- 
ear i t ies   caused by the shock occurred  within  the  fuel-flaw  range  covered 
i n  the  frequency-response-tests.  These pressures were sensed at statians 
f a r  enough upstream to   be-passed  by the  shock  during  sinusoids A and B. 
When tke shock aoved downstream of a tap,   of.course,   the flow past the 
t a p  became supersonic and the  pressure no longer  responded to t he  vary- 
ing f u e l  flow. This phenomenan.appeared i n  the  transient  record 88 a 
clipping of t he   s ine  ..wave- .traced. by the  pressure.  For  sinusoid C, some 
o r h e  wave forms were qui te   d i s tor ted  from a true s ine  wave, even  though 
the flow dLd not become supersonic at the  stations  fnvolved. The pres- 
s u r e  e f f ec t s  of t he  shock, .of course, extenlied- s&be.distaace Into. the 
subsonic regton. ": :. 

. 
f 

- .. . .  - 

. . - ." . " 

. .  . . . . . . . . . . . .. . . 
.. . .- - " 

. . .. 

The curves i n  figure 16(b), however, show that one pressure i n  
t h i s  group p6 v a r i e s . i n  a near ly   l inear  manner Over the  fuel-flow 
range  of  sinusoid C, at least i n  steady state. The frequency response 
of t h i s  pressure f o r . M s  range of fuel  flaws i s  s h a m  In fFgure 18. 
I n   a d d i t i o n   t o  the .data from sinusoid C ,  da ta  are s h m  from sinusoid A 
f o r - t h e   p o r t i o n  of t he   s ine  wave corresponding t o  SUb6OniC flow past the 
pressure  tap. (The t races  f o r  sinusoid e; however, permitted a more 
accurate  determination of the data point6. ) Figure 18 shows that, over 
the  fuel-flow range-involves, .n-e- dynamic response af p6 is  e e s e n t i i l l y  
l i nea r  and, l i k e  the  r.esponses already presented,  can be adequately 
described as a lead-lag with dead time. B o t h - t h e . r i s e  ratio (0.50) and 
the  t i m e  constant (0.080 sec)  are very s i m i l a r  t o  the  values  presented 
f o r .   o t h e r   s t a t i c  pressures. The dead t i m e  indicated by the phase-lag 
data in f igure  18 (0.043 sec) is. the same a6 tha t   ob ta ined   in   the  
indicial-response test8 [ f ig .  11). - 

. . . . . - - . . . - . . - - - . - . . - "" . .. - - - . .. - . . . . . . - . - 

c 
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For  each of the  remaining  static  pressures (p5, p7,  and pa) ,   there  
were certain  l imited  regions of fuel flow where the  s teady-state   re la-  
t i on  w a s  near ly   l inear   ( f ig .   16(b)) .  On the   bas i s  of the  response de- 
termined  for p6, it i s  bel ieved  that ,  i n  these particular  regions of 
fuel flow,  these  pressures would a l so  respond i n  l inear  lead-lag fashion 
(following dead t i m e ) .  

ResDonse  of t o t a l  Dressures. - The freauencv  res~onses  of t o t a l  c A -  ~- 
pressures . P15 and P16 are presented i n   f i g u r e  19. (Total  pressure 

- v  ~ &~ 

P14 w a s  always  ugstream of the shock  and did  not  respond. ) Figure 

19(a) shows that  the  response of 
'16 

approximates a single  lead-lag 

function  (with dead time) for a l l  three  sinusoids. The da ta   tha t  are 
s h a m   i n   f i g u r e  19(b) f o r  P15 a lso   ind ica te   the  S ~ D E  type of response. 
The data for P15, however, are sham  jus t   for   s inusoid  B, and o n l y f r e -  
quencies t o  10 cycles  per  second  are  included  for  this  sinusoid.  For 
sinusoids A and C, and for  the  higher  frequencies of sinusoid B, P15 
did  not  respond in   l i nea r   f a sh ion .  A s  previously sham (f ig .  16(c)), 

p15 was considerably  nonlinear  in i t s  r e l a t i o n   t o   f u e l  flow in   s teady  

state; th i s   nonl inear i ty  was a t t r i b u t e d   t o   t h e  changing  flow  dfstortions 
of the  diffuser .  On the  basis of the  steady-state  curve, it appeared 
that this problem  would be associated mainly  with  high  fuel  flows and 
thus  only  with  sinusoids A and C. A t  the  higher  frequencies, huwever, 
the   d i s tor t ion  problem was evidently  extended  to  the  fuel-flow  range of 
sinusoid B. 

The rise r a t i o s  and  the t€me constants  obtained for  to ta l   p ressures  
(fig. 19) are very similar to   those  obtained  for   s ta t ic   pressures .  The 
r i s e   r a t i o s   t h a t  are presented for s t a t i c  pressures vary from 0.47 t o  
0.56. A value  within  this  range (0.50) w a s  obtained  for P15, while the  
value  for  P16 (0.44) was just a small amount outs ide   th fs  range. The 
t i m e  constants   presented  for   s ta t ic   pressures   vary from 0.080 t o  0.091 
second. The time constants  for PlS (0.086 see) and P16 (0.089 sec) 
are  both  within this range. 

As mentioned  previously, the phase-lag data gave the  best   indica-  
t i o n  of total-pressure dead time because  the  high noise l e v e l  of these 
pressures made the   s tep  data d i f f i c u l t   t o  read. The phase-lag  curves 
i n  f igure  19 ind ica te  that the d e d  tbes of P15 and p16 are 0.022 

and 0.018 second, respectively.  A comparison of these  values  with  the 
dead times presented earlier f o r  p (0.022 sec) and p13 (0.019 sec) 
indicates  that the  dead tbes  of t o t a l  &rtd static pressure are about 
equal a t  a given  s ta t ion.  

11 
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SUMMARY OF RESULTS 

Dynamic r e l a t i o n s   i n  a large  (48-in.)  ram-jet  engine have  been 
experimentally  investigated  for a range of supercr i t ica l  operating 
points and fo r  a range of f l igh t   condi t ions  {Mach number, 2.75; angle 
of attack, zero; simulated a l t i t u d e s ,  68,000 t o  82,000 f t ) .  The results 
of the  investigation  can be summarized as follows: 

. -  . .  

1. Throughout. the ram-jet engine,  and for   t ransients   covering a rp 

wide range of,-supercrit ical   operation, the response of s t a t i c   o r   t o t a l  Ul 

pressure   to   fue l   f laT  cons i6 ted .of  dead time followed by a response form 
that, in  general,  approximated .a Unear, f_irst.-.or&.r,. lead-lag. - 

0 
N 

- 
"" 

2. Any s igni f icant  departures from the..lead-lag f a r m  were explain- 
able on the basis of .nonl inear i t ies   tha t  were caused by the shock or by 
t ramverse   d i s tor t ions  in the flow. 

. " 

- . -  

3. The riBe r a t i o s  and time constants  determined for static and 
t o t a l p r e s s u r e s  were nearly  independent of ram-jet s ta t ion .  Rise r a t i o s  
varied from 0.44 t o  0.56; time consttint6, from 0.080 t o  0.091 second. - 

4.  A t  a given  station, the dead  tfmes.of s t a t i c  and total   pressures  
were about  equal. - 

5. For stat iona downstream of the  shock, the dead times var led  s ig-  c 

nif icant ly   only with distance -from the .  cornbustion zone. These dead 
times  ranged  from 0.019 second'at  the exhaust-nozzle. i n l e t  t o  0.052 
second  near the diffuser i n l e L  and did. not vary with the d i rec t ion  of 
the fue l - f law s tep, l the  magni tde of  t + s t e p , . o r  the s imula ted  altitude. 
There was  a s l ight   decrease  in  dead time wTtb incr.easing diffuser to ta l - .  
pressure  recmery  for.pressures sense-d a considerable  distance from the 
combustion  zone. . -  I .. . " . " r .  

6. The deacYtime at a given  s.tation t o  a step  increase,   in '"fue1 flow 
became much greater .when the shock .Vas inltially downstream of tha t  
s t a t i o n .  In   other  words, shock travel was much slower than  the propaga- 
t i on  of a disturbance  against  subsonic flow. Shock'travel.became  faster 
as the magnitude of ... the  s.tep was increased. 

. -  

L e w i s  Fllght  Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 20, 1956 
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Figure 2.  - 48-Inch ram- j e t  combustor. 
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Figure 6. - Frequency response of gas-pressure transducers. 
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Figure 12. - Fffect of diffuser  total-pressure  recwery and di- 
rection of fuel-flow step on dead time. Fuel-flaw step, 
0.246 pound per second; simulated altitpde, 82,000 feet. 
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Figure 13. - H f e c t  of magnitude of fuel-flow step on dead time. Simulated a l t i tude ,  
82,000 feet .  
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.. 

(a) Diffuser  operation. 

Figure 16. - Sta t i c   cha rac t e r i s t i c s  of engine f o r  fuel-flow 
ranQe- of frequency-response tests. Simulated  altitude, 
68,000 f e e t .  
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( b )  static pressures. 

Figure 16. - Continued. Static charaotaristloa of 
engine for fuel-flow range of freqwnag-response 
tests. Simulated altitude, 68,000 feet. 
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(b) Concluded. . Static  pressures. 

Figure 16. - Continued.  Static  characteristics of 
engine f o r  fuel-flow range of frequency-response 
tests.  Simulated  altitude, 68,000 feet. - 
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Figure 16. - Concluded. Static characteristics of engine for 
fuel-flow  range of frequency-response tests. Simulated 
altitude, 68,000 feet. 
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